Antibacterial activity of alkyl gallates and their analogs against Ralstonia solanacearum was examined. Methyl gallate showed the strongest activity among the alkyl gallates; activity decreased as the carbon number of esters increased. This tendency of alkyl gallates to act against R. solanacearum was dissimilar to its previously reported action against Gram-negative and Gram-positive bacteria and fungi. Among related compounds with a differing position and number of phenolic hydroxyl groups, methyl 2,3-dihydroxybenzoate showed comparable or slightly stronger activity than methyl gallate. Geraniin, one of the characteristic secondary metabolites produced by Geranium spp., showed moderate activity.
Introduction
Ralstonia solanacearum (Smith) Yabuuchi et al. is a soilborne phytopathogenic bacterium characterized by the three following features: i) vast geographical distribution; it is distributed from tropical to temperate regions of the world, 1) ii) very extensive host range; it attacks several hundred species in 44 families of plants, 1) and iii) high viability in soil; it can survive in soil in a viable but nonculturable state 2) or in the weed rooting zone after crop harvesting and the survivors can inflict damage on the next crop planted. 3) We screened native plants in Okinawa that inhibit the growth of R. solanacearum to develop a method to control bacterial wilt of potato, and found that an extract of aerial tissue of Geranium carolinianum showed strong inhibitory activity against R. solanacearum, 4) and that plowing-in of the dried plant was effective to control the bacterial wilt of potato.
5) The G. carolinianum extract was also effective to control potato scab caused by Streptomyces spp. 6) One of the antibacterial constituents of G. carolinianum was identified as ethyl gallate.
7)
Gallic acid and its esters are well known plant constituents and antimicrobial activities have been reported; however, knowledge of their activity against R. solanacearum and the relationship of structure to antibacterial activity is lacking. This paper aims to clarify the structure-activity relationship of alkyl gallates and related compounds in R. solanacearum.
Materials and Methods

Test compounds
Methyl 2,3-dihydroxybenzoate was prepared by treating 2,3-dihydroxybenzoic acid with trimethylsilyldiazomethane in MeOHbenzene. 8) Geraniin was isolated from the herbal medicine Geranium thunbergii by EtOAc extraction and by column chromatography on silica gel with a mobile phase of EtOAc and on ODS silica gel with 20% aq. MeOH. Geraniin purity and structure were confirmed by HPLC (Develosil ODS-UG-5, 10 to 30% aq. CH 3 CNϩ0.1% formic acid), LC-MS (JEOL, JMS-T100LC AccuTOF) and NMR (JEOL, JMN-600 and JNM-AL400 FT NMR, acetone-d 6 ). 9, 10) Other test compounds were purchased from Tokyo Chemical Industry (Tokyo, Japan) and Wako Pure Chemical Industries (Osaka, Japan).
Bioassay
Antibacterial activity was examined by a paper disc method using R. solanacearum on potato semi-synthetic agar medium.
4)
Results and Discussion
Effect of carbon number of alkyl gallates
Antibacterial activity of gallic acid and its esters is shown in Table 1 . Methyl gallate was most active against R. solanacearum and the activity weakened as the carbon number of esters increased. Gallic acid showed comparable activity to n-octyl gallate, which was ca. 1/100 of the activity of methyl gallate estimated from the dose-response curve for methyl gallate. The dose-response curve of methyl gallate showed high linearity (diameter of inhibition zone (mm)ϭ21ϫlog (dose (mmol))ϩ39, correlation coefficientϭ0.99). Alkyl gallates show a broad antimicrobial spectrum, but are less active against Gram-negative bacteria than against Grampositive bacteria or fungi, including yeasts. 11) Two cases have reported their structure-activity relationship against Gram-negative bacteria; antibacterial activity against Escherichia coli increases as the carbon number increases in the range of C1-C5 esters (n-amylϾiso-amylϾn-butylϾiso-butylϾn-propylϾiso-propylϾ ethylϾmethyl ester), and the activity of gallic acid is comparable to that of methyl gallate. 12) In Salmonella choleraesuis, nonyl and octyl gallate are the most effective, an increase or decrease in the carbon number of the ester reduces the activity, and propyl gallate and gallic acid are inactive. 13) A similar parabolic function of lipophilicity and antimicrobial activity is observed in Gram-positive bacteria and fungi. 11, 14, 15) The antibacterial pattern of alkyl gallates against R. solanacearum is entirely different from those of previously reported results. Another characteristic of alkyl gallates is antioxidative activity; propyl, octyl and dodecyl gallates are used as food preservatives. 16 ) An inverse correlation is observable between 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging efficiency and log P, 17) but the difference in IC 50 of radical scavenging efficiency between methyl gallate and dodecyl gallate is less than two and is much smaller than the difference in antibacterial activity. 13, 14) The radical scavenging efficiency of gallic acid is a little stronger than methyl gallate. 17) Thus, it seems unlikely that the hydrophobicity or the radical scavenging activity of alkyl gallates is connected with its antibacterial activity in R. solanacearum.
Antibacterial activity of benzoic acid derivatives
Monohydroxybenzoic acids and their derivatives
2-Hydroxybenzoic acid (salicylic acid) and 4-hydroxybenzoates (parabens) are well-known preservatives of food, medicines and cosmetics. All of the tested monohydroxybenzoic acids and esters were less active than methyl gallate (Table 2, Exps. 1 and 2). Methyl esters showed stronger activity than the corresponding acids and the relative activity of the esters decreased in the order of 4-hydroxyϾ3-hydroxyϾ2-hydroxy derivative, while the order for the acid was the inverse, 2-hydroxyϾ3-hydroxyϾ4-hydroxy derivative. This result indicates that the mechanism of action is different for acids and esters.
Among 4-hydroxybenzoates, the methyl ester was most active and the activity decreased as the carbon number increased, which was the same tendency as that observed in gallate esters. All previously reported data showed that the antibacterial activity of 4-hydroxybenzoate esters increases as the alkyl chain length increases in the Gram-negative bacteria E. coli, Pseudomonas aeruginosa and P. stutzeri and the Gram-positive bacteria Micrococcus luteus, Staphylococcus aureus and S. sobrinus. [18] [19] [20] [21] The response pattern of R. solanacearum is the opposite. Catechol and pyrogallol moieties are often associated with antifungal activity 22) ; however, no clear relationship between anti-R. solanacearum activity and the position or number of the phenolic hydroxyl group was found. Methylation of the phenolic hydroxyl group substantially decreased the activity.
Antibacterial activity of some constituents in Geranium
spp.
Geranium spp. plants produce a variety of phenolic compounds such as geraniin, quercetin, rutin, and ellagic acid as secondary metabolites. [23] [24] [25] Geraniin was identified as the antibacterial substance against potato scab pathogen Streptomyces scabiei in Geranium pratense. 10) We thus examined the antibacterial activity of diverse phenolic compounds of plant origin against R. solanacearum. Geraniin showed comparable activity to propyl gallate (Table 3 ) and had ca. 1/10 of the activity of methyl gallate. Various mechanisms of action have been suggested for the antibacterial activity of gallate esters, such as membrane disruption 12) or inhibition of respiration; 11, 14) however, the conclusions are still unclear. The structure-activity relationship of gallates and parabens in R. solanacearum is different from their relationship in other bacteria, suggesting that the mechanism of action may differ and be specific to R. solanacearum. Alkyl gallates are effective food additives; they are also a potential tool for the control of bacterial wilt caused by R. solanacearum. The results are the averageϮSD (nϭ3). No inhibition zone was detected for quercetin, rutin, ellagic acid, chlorogenic acid, caffeic acid, ferulic acid, isoferulic acid and sinapic acid. nd: Inhibition zone was not observed around the paper disc (f 8 mm).
